Acoustic velocities of brucite were measured at room pressure in over 48 directions from Brillouin spectroscopy using a natural sample. These data are supplemented with volume measurements as a function of pressure and temperature that range from ambient conditions to 11 GPa and 873 K using synchrotron X-ray radiation at the National Synchrotron Light Source (NSLS) in a cubic-anvil apparatus (SAM-85) with a synthetic polycrystalline sample. The diffraction patterns are collected during cooling cycles to minimize the effect of deviatoric stress on the measurements. These data yield internally consistent thermoelastic parameters defining the equation of state of brucite along with the single-crystal elastic moduli. The Brillouin spectroscopy measurements are best fit with the following elastic model: C 11 ϭ 156.7(8), C 33 ϭ 46.3(8), C 44 ϭ 21.7(5), C 12 ϭ 44.4(10), C 13 ϭ 12.0(15), and C 14 ϭ 0.2(8) GPa. The resultant linear compressibilities of the a and c axes are 3.8(1) ϫ 10 Ϫ3 and 19.6(6) ϫ 10 Ϫ3 (GPa Ϫ1 ), respectively, with the Reuss bound for the bulk modulus, K R ϭ 36.7(10) GPa and the Hill average, K H ϭ 46(1) GPa. The unitcell parameters (a, c, and volume) determined from the diffraction measurements were fit with a Birch-Murnaghan equation of state, yielding K 0 ϭ 39.6(14) Gpa, KЈ ϭ 6.7(7), (‫ץ‬K T / ‫ץ‬T) P ϭ Ϫ0.0114(16) GPa/K, and ␣ ϭ 5.0(7) ϫ 10 Ϫ5 /K. The bulk modulus and linear compressibilities from X-ray diffraction are in agreement with those from Brillouin spectroscopy. The ratio of linear compressibility of the a to c axes is about five times at ambient conditions and reduces to almost unity by 10 GPa. The axial thermal expansions reflect a similar pressure dependence. The ambient shear anisotropy (C 44 /C 66 ) is about 2.5.
INTRODUCTION
Brucite provides a particularly useful platform to study the effect of pressure on the manner that H affects physical properties of minerals. The brucite structure consists of layers with octahedrally coordinated Mg, separated by layers containing only H (Fig. 1) . The crystal structure of brucite is trigonal and the space group is P3m1 (Zigan and Rothbauer 1967) . Each O atom in the hexagonally closed-packed layers is bonded with H such that the O-H bond is perpendicular to the layers, with bond length close to 1 Å , while the distance between the layers of octahedra containing Mg is about 2.7 Å (Parise et al. 1994) . Thus, thermal expansion and hydrostatic compression of the a axis (perpendicular to the layers) is dominated by the stronger of the two layers, whereas expansion and compression of the c axis (parallel to the layers) reflects the properties of the weaker layer. Because the linear compressibility and thermal expansion of the a axis are similar to MgO, the compressibility and expansion of the c axis reflects the interactions of the H and O atoms. Thus a detailed study including single-crystal elastic properties and high-pressure, high-temperature cell dimensions can provide some information for understanding the behavior of brucite at high pressure.
Recently brucite has been studied at high pressure using various techniques, such as powder X-ray diffraction (Fei and Mao 1993) , single-crystal X-ray diffraction (Duffy et al. 1995) , powder neutron diffraction (Parise et al. 1994; Catti et al. 1995) , shock wave compression (Duffy et al. 1991) , Raman spectra (Kruger et al. 1989) , and theoretically (Sherman 1991; D'Arco et al. 1993) . These studies showed that the linear compressibilities of the a and c axes are different and that the pressure dependence of these compressibilities is very different. Such behavior gives rise to deviatoric stresses under pressure that in turn can increase uncertainties in cell dimensions and indure errors in determinations of equations of state at pressure. Hence it is important to minimize the deviatoric stresses to get good data on bulk modulus. In the first part of this paper, we report the results of a single-crystal Brillouin spectroscopy study using a natural brucite sample. These data are sufficient to define all elastic properties at ambient conditions, including the aggregate bulk modulus and linear compressibilities that are appropriate to hydrostatic pressure conditions. In the second part of this paper, we report results from an X-ray power diffraction study using cubic-anvil apparatus (SAM-85) with in situ synchrotron X-ray along with the Note: x parallel to a*, y parallel to b*, and z parallel to c. For details, see Vaughan and Guggenheim 1986. equation of state methodologies that we developed to minimize deviatoric stresses (Weidner et al. 1992; Wang et al. 1994) . The bulk modulus deduced from crystallography agrees very well with the value derived from Brillouin spectroscopy corresponding to hydrostatic stress (the Reuss bound), whereas other reported values approach the Hill or even the Voight value of bulk modulus, indicating that deviatoric stresses are present in these studies.
SINGLE-CRYSTAL BRILLOUIN SPECTROSCOPY

Experimental procedures
The single crystal used in this study is a naturally occuring brucite. It has (001) cleavage and six growth faces, with dimensions of approximately 3 ϫ 6 ϫ 6 mm. Its chemical composition is nearly pure, Mg(OH) 2 . Trace element abundances determined by X-ray fluorescence are 9 Ϯ 10 ppm Fe; Ͻ20 Ϯ 30 ppm Ca; 14 Ϯ 10 ppm V; 90 Ϯ 10 ppm Mn; 7 Ϯ 5 ppm Zn; 7 Ϯ 5 ppm As. The refractive indices were determined using the immersion fluid method with 5145 Å light as W ϭ 1.57(1) and E ϭ 1.59(1). The unit-cell parameters of the sample were determined using four-circle X-ray diffractometer, yielding of a ϭ 3.14(1) Å , c ϭ 4.76(1) Å , and cell volume ϭ 40.8(1) Å 3 , consistent with previous results for brucite (Fei and Mao 1993; Duffy et al. 1995; Catti et al. 1995) . The density used in this study is 2.38(1) (g/cm 3 ) was calculated from the X-ray data. The sample was mounted on a goniometer head and the orientation matrix was determined using a four-circle X-ray diffractometer. Then it Duffy et al. 1995 Catti et al. 1995 This work, Brillouin spectroscopy This work, X-ray diffraction FIGURE 2. The shear anisotropy of brucite and related minerals. ⅷ ϭ graphite (Zhao and Spain 1989) ; Ⅵ ϭ SnS 2 (Sandercock 1975) ; ᭡ ϭ brucite (this work); ᭢ ϭ CdI 2 (Sandercock 1975) ; ࡗ ϭ PbI 2 (Sandercock 1975) . was transferred to the three-circle Eulerian cradle with its orientation preserved and immersed in a liquid with a nearly matching refractive index. The experimental procedure was discussed elsewhere (Vaughan 1979) . Brillouin spectra were measured in over 48 directions to constrain the six elastic moduli. Table 1 compares the observed velocities (exp) with those predicted by the best-fit elastic moduli model (theor) with the difference between these indicated by diff.
Results and discussion
The six elastic constants for trigonal brucite (Table 2 ) exhibit a striking anisotropy. The elastic constant C 11 is about four times greater than C 33 . This pattern is related to the layered structure in which the chemical bonding between the layers and along the layers is different. From other brucite-like minerals (e.g., CdI 2 structure) and other layered minerals such as muscovite, large differences also exist between the c and a axes in (Table 2) .
The elastic moduli are recast as linear compressibilities in Table 3 . From our work, the linear compressibility of the c axis of brucite is about five times greater than that of the a axis. This difference is consistent with the results from Fei and Mao (1993) and Duffy et al. (1995) . In this study, the linear compressibility of the a axis, (3.8 ϫ 10
Ϫ3
GPa Ϫ1 ), is close to two times that of periclase (2.1 ϫ 10
GPa Ϫ1 , Bass 1995), consistent with the structure of brucite (half of the octahedral sites in its hexagonally closedpacked layers of O are occupied and half are empty).
The shear anisotropy C 66 /C 44 is about 2.5, which is lower than the ratio of linear compressibilities. A systematic relationship exists between the ratio of linear compressibilities and the shear anisotropy for several layer minerals (Fig. 2) . The shear anisotropy is very high in graphite (Zhao and Spain 1989) , low in CdI 2 , PbI 2 (Sandercock 1975) , and intermediate in brucite.
Because of anisotropy, the calculated Reuss and Voigt bounds for the bulk properties of brucite (Table 4) are different. In experiments where each grain is under hydrostatic pressure, compression studies yield the Reuss bound for the bulk modulus. Experiments in which a polycrystal is under hydrostatic pressure such that the individual grains possess ''welded'' type boundary condi- tions exhibit a bulk modulus closer to the average of the Reuss and Voigt bounds. Recent determination of the bulk modulu of brucite are listed in Table 5 . We found that data from Fei and Mao (1993) are very high and close to Voigt value and data from Catti et al. (1995) are close to Reuss value. We expect that this large range of experimental bulk moduli reflects the influence of deviatoric stress on the sample.
IN SITU X-RAY DIFFRACTION
Experimental procedure
The powdered sample was synthesized hydrothermally from ultra-high purity MgO with excess deionized, distilled H 2 O. These materials were loaded into a Teflon vessel, placed in a oven and held at 200 ЊC for a week. The solid product was analyzed with X-ray diffraction, which confirmed that it was brucite. No other phases were detected.
Experiments were performed using a cubic anvil apparatus (SAM-85) with the white synchrotron radiation from the superconducting wiggler magnet (X17 beamline) at the Brookhaven National Lab. Diffraction patterns were collected using energy dispersive techniques with a fixed angle (2 ϭ 7.5Њ) solid state Ge detector, and collecting time for each diffraction pattern of 200-250 s.
The cell assembly used in this study has been described in detail elsewhere (e.g., Wang et al. 1994) . In this experiment, the brucite sample was packed into a boron nitride container of 1 mm diameter and 2 mm length bounded by powdered layers of NaCl on the top and bottom, which served as an internal pressure standard. The temperature was measured by a W-Re24%-W-Re26% thermocouple at the center of the furnace contacting the sample. Pressure was calculated from Decker's equation of state (Decker 1971 ) using the internal NaCl standard, and the uncertainty in pressure mainly arose because of inconsistencies among different diffraction lines and was less than 0.2 GPa (Weidner et al. 1992; Zhang et al. 1997) .
Procedures are discussed in detail elsewhere (Wang et al. 1994) . In this experiment, the sample was compressed up to 11 GPa and then heated to about 1000 K, and diffraction patterns were collected at about 100 K intervals during the cooling cycle. It has been our experience that deviatoric stress relaxes upon heating and that data taken on the cooling cycle are relatively free of such complicating effects. Several cooling cycles were performed at different pressures to cover the experimental P-T range. Diffraction spectra after the high-pressure experiment appear identical to the starting spectra.
Results and discussion
Room temperature results. Unit-cell parameters a, c, and volume (Table 6 ) are shown as a function of pressure at room temperature in Figure 3 and compared to previous results (Duffy et al. 1995; Catti et al. 1995; Parise et al. 1994; Fei and Mao 1993) The pressure dependencies of the unit-cell parameters a and c clearly differ. Figure  3c illustrates the pressure dependence of the ratio. Catti et al. (1995) reported a discontinuous change in c/a ratio at pressures of 6 to 7 GPa and room temperature, which they interpreted as a phase transition. As seen in this diagram, we do not observe discontinuity in the c/a ratio near this pressure and thus do not require a phase transition.
The room-temperature data (Fig. 3) were fit to a BirchMurnaghan equation of state that has the form: FIGURE 5. The calculated thermal expansion as a function of pressure. The thermal expansions are calculated at isobaric condition with interpolated data from isothermal fitting.
0 yielding K 0 ϭ 39.6 (14) GPa, KЈ ϭ 6.7 (7). The bulk modulus is consistent with that obtained from Brillouin spectroscopy (Table 5 ) and close to results from Catti et al. (1995) and Duffy et al. (1995) . Because of the differences in pressure dependence of the cell parameters, a and c, it is interesting not only to apply an equation of state to volume, but also to the a and c axes. For this we simply use the parametric form of the Birch-Murnaghan equation of state, but for a 3 and c 3 , respectively. The modified equation is The calculated results (Figure 4 ) demonstrate a large pressure dependence for the c axis compressibility, whereas the pressure dependence of a axis compressibility is very small. At ambient conditions, the extrapolated linear compressibilities for c and a axes are (Table 3) close to the results of Brillouin spectroscopy. We expect that the linear compressibility of the c axis is underestimated if deviatoric stress is present. High-temperature Birch-Murnaghan equation of state. The above analysis of volume data along the room temperature isotherm uses only a subset of the data in the P-T range of study. It is more reasonable to use all of the data set in fitting, and several approaches are suggested by Jackson and Rigden (1996) . In this study, we choose the modified Birch-Murnaghan equation of state with room-pressure parameters replaced by their room pressure-high temperature counterpart (Zhang et al. 1997; Saxena and Zhang 1990) . The formulations for those parameters are given by:
T 0 T P KЈ ϭ KЈ ϩ (‫ץ‬K /‫ץ‬T) (T Ϫ 300) (6)
where ␣(T) is given by:
Room-pressure, high-temperature cell parameter data can help constrain the thermoelastic properties of brucite. We supplemented our P-V-T data with the room pressure data of Fei and Mao (1993) . We did not use the data of Redfern and Wood (1992) because their data appear to have a small but systematic offset of volume relative to both our data and that of others (Fei and Mao 1993; Duffy et al. 1995; Catti et al. 1995) . With this enhanced data set, the calculated coefficients are shown in Table 7 for volume as well as a 3 and c 3 . Axial thermal expansions can be calculated at certain pressure with the parameters shown in Table 7 and results are shown in Figure 5 as a function of pressure. The c axis thermal expansion decreases by a factor of two, whereas the a axis thermal expansion is nearly pressure independent. At zero pressure, the thermal expansions for the a and c axis are 6.0(10), and 1.1(2) (ϫ 10 Ϫ5 /K), respectively, which are close to the values of 7.96 and 1.45 (ϫ 10 Ϫ5 /K) from Redfern and Wood (1992) .
